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Abstract The swelling behavior of pulp fibers has a
significant influence on process and product proper-
ties. The water uptake of fibers is controlled by a
different mechanism. While fiber charge is a driving
factor for swelling, the swelling is hindered by the
solid structure of the fiber wall. In the case of the fines
fraction of pulps, this structure is broken to some
extent and the fines are able to swell two to three times
more compared to fibers. Thus fines are an important
factor regarding the swelling behavior and water
retention of pulps, although, at least for chemical pulp,
their mass fraction is only between 4 and 15%. For this
reason, it is of interest to investigate not just the
swelling behavior of pulps, but also of the fiber and
fines fractions separately. Swelling is often character-
ized using the water retention value (WRV) based on a
centrifugation technique. WRV measurement is a
standardized method for the measurement of the
amount of water retained in a given pulp sample. For
fine cellulosic materials the standardized procedure
cannot be performed. Thus, various modifications of
the standard method have been applied by different
groups for the evaluation of these materials. Due to
these modifications the values obtained cannot be
related to the standardized method. In this work a
novel approach to determining the WRV of the fines
fraction in a given pulp based on the standard
procedure will be presented. This allows a quantitative
investigation of the contribution of the fibers and fines
fraction to the WRV of any given pulp sample.
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Introduction
The swelling tendencies of pulps have an important
impact on sheet consolidation and interfiber bonding.
(Chen et al. 2013; Hii et al. 2012; Koskenhely et al.
2005). As swelling is influenced by structural changes
and pulp chemistry, the effect of different pulp
treatments can be monitored by its characterization
and thus swelling yields important information
regarding, e.g., dewaterability on the paper machine
or strength development after sheet consolidation. The
swelling behavior influenced by the pulping process
and yield (Andreasson et al. 2003; Forsstrom et al.
2005; Stone and Scallan 1967), by drying and
rewetting (Stone et al. 1968; Wang 2006) and by
refining (Ba¨ckstro¨m and Haimnar 2010; Laivins and
Scallan 1996) have been documented. Further, swel-
ling is influenced by enzymatic treatment (Gil et al.
2009; Stock et al. 1995), by chemical modification
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(Chen et al. 2013; Racz and Borsa 1997; Scallan 1983;
Zhao et al. 2016) or by addition of cationic polymers
(Aarne et al. 2012; Strom and Kunnas 1991). Swelling
depends to a certain extent, also, on charge density.
The more carboxylic groups, the higher the swelling
potential. The effect of anionic groups can be
explained based on the Donnan theory (Rasanen
et al. 2001; Scallan 1983). The anionic groups located
in the cell are balanced by positively charged
counterions. If there are more ions in the fiber wall
than in the surrounding liquid, an osmotic pressure
difference arises. This pressure difference is balanced
by the fiber wall absorbing water and thus ‘diluting‘
the charges within the fiber wall. Based on this
fundamental effect it is obvious that a change in
swelling can result from pH, conductivity of the water
phase, the types of counterions of the carboxylic
groups and addition of chemical additives (Scallan
1983; Scallan and Grignon 1979; Stone et al. 1968;
Strom and Kunnas 1991). The final degree of swelling
of a pulp fiber is limited by the structure of the fiber
wall, which hinders the unlimited dilatation of the
fiber. Stone and Scallan (1967), therefore, defined
different regions of a fiber, whose water holding
capacity obviously is affected by the fiber morphol-
ogy. The accessible volume and therefore the water
holding capacity of these regions change due to
chemical, mechanical or thermal action.
Several methods for the measurement of swelling
and related properties are reported in the literature.
These include water evaporation (Stone and Scallan
1967), thermoporosity measurement (Wang et al.
2003), nuclear magnetic resonance (NMR) (Forsstrom
et al. 2005; Hui et al. 2009; Maloney et al. 1997) and
inverse size exclusion chromatography (ISEC) (Bert-
hold and Salme´n 1997). The two most common
methods, however, are the fiber saturation point (FSP)
and the water retention value (WRV).
In FSP measurement, a weighed quantity of wet
pulp of knownmoisture content is immersed in a dilute
aqueous solution of a high molecular weight dextran
polymer (approximately 1wt% in water). The polymer
molecules are larger in size than the pores and
therefore cannot enter the cell wall. Thus water
contained in the pores will lead to a change in the
polymer concentration. The FSP, which can be seen as
the amount of water in the cell wall, is then determined
based on Stone and Scallan (1967). As swelling also
depends on the surrounding liquid, it is advantageous
that this measurement is performed in aqueous solu-
tion, without any structural changes to the fibers,
which are constantly in a wet state. Thus it is
considered the most direct measurement of fiber
swelling (Maloney et al. 1999). Nevertheless, a high
measurement uncertainty compared to other methods
has to be accepted, as changes in polymer concentra-
tions are quite small. The accessibility of dextran to
the fiber lumenmight also depend on the fiber damage.
Dextran molecules may have difficulties approaching
a fiber when its surface is highly fibrillated and water
entrapped between these fibrils and the fiber surface
could then be considered as inaccessible (Stone et al.
1968).
WRV measurement has a quite different principle.
The WRV is a centrifugation technique, determining
the water retained in a fiber pad after the application of
centrifugal forces under defined conditions. It is an
indirect method influenced by sample mass, centrifu-
gation force and time, and therefore has to be
performed under defined conditions specified by the
standard (ISO 23714:2014). Nevertheless, a good
correlation of FSP and WRV for different types of
pulps was observed up to certain values (Scallan and
Carles 1972), after which theWRV fell below the FSP.
To reach this level of swelling the fibers have to be
highly fibrillated. It was assumed that the more
swollen a fiber is, the more sensitive it will be against
compression, forcing out the water during centrifuga-
tion (Scallan and Carles 1972). On the other hand, one
might argue that the FSP obtains higher values, as
water molecules trapped between highly swollen
fibrils and the fiber surface become inaccessible as
mentioned before (Stone et al. 1968). In another study
it was shown that WRV also differs from FSP for less
swollen pulps. It was concluded that water retained
between the fibers and water removed from the cell
wall in centrifugation are responsible for these differ-
ences (Maloney et al. 1999). The influence of drying
and rewetting on swelling was found to be higher for
WRV than for FSP (Forsstrom et al. 2005), and the
correlation of WRV and FSP is affected by different
refining strategies for various types of pulps (Hui et al.
2009). It can be concluded that measurement of pulp
fiber swelling is not a straightforward task and that the
method, as well as the morphology and origin of the
pulp sample, have to be considered. Depending on the
method used, different aspects of swelling are
evaluated.
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As mentioned before, both charge and structural
properties of fibers affect swelling. For example,
carboxymethylation of unbleached hardwood kraft
pulp (UBHK) leading to a 280 leq/g higher total fiber
charge resulted in an increased WRV of 1.4 g water
per g fiber (Chen et al. 2013), while the fiber
morphology remained almost unchanged. Refining,
on the other hand, has little effect on the fiber total
charge (Horvath and Lindstro¨m 2007), but generates
fines (particles passing a 200 mesh screen), or more
precisely, secondary fines (Krogerus et al. 2002).
Primary and secondary fines are usually both present
in a refined pulp. Ba¨ckstro¨m et al. (2008) removed
primary fines prior to refining and found differences in
WRV between unbleached kraft secondary fines and
the corresponding fibers to be 4.2 g water per g fiber.
As secondary fines are parts of the fiber wall torn out
by the refining treatment, this change in swelling can
be assumed to be mainly caused by structural changes.
Several other studies also reported that fines after
refining, which include primary and secondary fines,
swell two to three times more than fibers, i.e. fines hold
up to three times more water than fibers (Laivins and
Scallan 1996). Although there are these obvious
differences, the impact of the swelling of fines on
paper properties was rarely discussed. Fines were
often neglected from such investigations, because it is
a tedious task using the common methods to separate
fines in a high enough quantity to measure swelling.
Swelling of fines can be determined by the FSP
method directly, but a high amount of fines is required
and the FSP method is also quite a time consuming
procedure. For WRV measurement, a fiber pad first
needs to be formed by filtration, which is not
practicable in the case of the high dewatering resis-
tance of fines. Thus several modifications of the
method were made to be able to measure the WRV of
pulp fines or other fine cellulosic materials. The mass
of the sample was reduced in almost all modifications,
centrifugation was replaced by other methods to
remove excess water, membranes were implemented
to be able to hold back the fine material and
centrifugation time and force were varied. It was
shown that each of these modifications had an
influence on the results (Cheng et al. 2010; Scallan
and Carles 1972). Due to these modifications the
values obtained for the fines fraction cannot be related
to the standardized method anymore, and the contri-
bution of fibers and the corresponding fines fraction on
the WRV of a given pulp sample cannot be directly
determined. An approach to measure the WRV of
micro and nanofibrillated fine fractions on the basis of
the standard procedure was presented by Rantanen
et al. (2015). With this method, however, only the
WRV of the fines fraction can be determined,
neglecting theWRV of the fiber fraction, which would
be important for papermaking pulps. In this work a
novel approach to determining the WRV of the fiber
and the fines fraction based on the standard procedure
is presented.
Materials and methods
Pulp samples and sample preparation
In this study various industrial chemical and mechan-
ical pulp samples from different process steps (bleach-
ing, refining) were chosen for the validation of the
novel approach (see Table 1). The gravimetric fines
content of these pulps was determined by the Britt
Dynamic Drainage Jar method (BDDJ, SCAN-CM
66:05). The WRV of these pulps was determined
according to the standard method (ISO 23714:2014).
A fiber pad formed by filtration has to have a dry mass
of the pad of 2.5 g. This fiber pad was centrifuged
(centrifugation time: 30 min, centrifugation force:
3000 g) and the pad was weighed after centrifugation
(mwet), dried and weighed again (mdry). The water
retention value is calculated according to Eq. 1.
Table 1 List of pulps and treatments
Nr. Pulp Treatment
P1 Pressurized ground wood 1 Unbleached
P2 Pressurized ground wood 1 Bleached
P3 Softwood kraft pulp 1 Unbleached, unrefined
P4 Softwood kraft pulp 2 Unbleached, unrefined
P5 Softwood kraft pulp 2 Bleached, unrefined
P6 Softwood kraft pulp 3 Bleached, unrefined
P7 Softwood kraft pulp 3 Bleached, refined
P8 Hardwood kraft pulp 1 Bleached, unrefined
P9 Hardwood kraft pulp 1 Bleached, refined
P10 Softwood sulfite pulp 1 Unbleached, unrefined
P11 Softwood sulfite pulp 1 Bleached, unrefined
P12 Softwood sulfite pulp 1 Bleached, refined
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WRV
g
g
 
¼ mwet
mdry
 1 ð1Þ
In order to obtain a sufficient amount of the fines
fraction and a pure fiber fraction, the pulps were
fractionated at 1% solids content using a laboratory-
scale pressure screen. The pressure screen was equipped
with a perforated plate (hole diameter 100 lm). The
material passing through this plate was defined as the
fines fraction. The pulp was recirculated through the
pressure screen until the remaining volumetric fines
content measured with a commercial flow cell based
fiber analyzer (L&WFibertester?) was lower than 0.5%.
This pulp fraction was defined as the fiber fraction.
Determination of WRV by the novel method
The fiber and fines fractions obtained using the
abovementioned screening procedure were recom-
bined to obtain three blends per pulp sample contain-
ing proportions of fines between 5 and 15% for
chemical pulps and between 15 and 30% for mechan-
ical pulps. The WRV of all these blends was deter-
mined in duplicate according to the standard (ISO
23714:2014).
Each component (fibers and fines) is considered to
have an intrinsic water retention capacity. Based on
the knowledge that fines show a higher WRV than the
fibers, it is expected that WRV increases linearly when
the fines content is increased, as depicted in Fig. 1.
The linear equation (Eq. 2) obtained from this relation
was solved according to the two boundary conditions
wFines = 0% (100% fibers) and wFines = 100% to
determine the WRV of fibers (WRVFiber, Eq. 3) and
the WRV of fines (WRVFines, Eq. 4), respectively.
WRVPulp was calculated usingEq. 5 based on the values
for WRVFines, WRVFiber and the gravimetric fines
content (wFines, see Table 1) measured for the original
pulp. The contribution of fibers and fines to WRVPulp
was also determined by this approach .
WRV ¼ k  wFines %½  þ d ð2Þ
wFines ¼ 0%! WRV ¼ d,WRVFiber ð3Þ
wFines ¼ 100%! WRVPulp
¼ k  100þ d,WRVFines ð4Þ
WRVPulp ¼ WRVFiber  1 wfinesð Þ þWRVFines  wfines
ð5Þ
Results
Validation of the novel approach
For the validation of the novel approach, the WRV of
the pulps were measured directly by the standard
method and additionally calculated according to Eq. 5
using the approach described above (see Table 2). To
allow a comparison of calculated and measured WRV
values, it is of importance that the fine fraction
obtained by pressure screening is similar to the fine
fraction obtained with a BDDJ (SCAN-CM 66:05).
Size distributions of the fraction generated by the
pressure screen and the fraction generated with the
BDDJ, show a similar size range (see ‘‘Appendix’’).
Thus, similar fractions are obtained by both methods,
allowing the determination of WRVPulp based on the
fines content obtained by the BDDJ method.
The values obtained by the calculation were
correlated with the measured values of the pulps (see
Fig. 2). A coefficient of determination R2 of 0.985
demonstrated the validity of the novel approach.
The WRV is not only a material property, but also
depends on structural properties (structure of the pad,
Maloney et al. 1999). The influence of structural
properties becomes evident as the values for pure fibers
(WRVFiber) measured directly were higher compared
to the calculated ones, applying the novel approach
(Table 2). The difference was even higher for unre-
fined pulp samples than for refined pulp (Table 2). As
Fig. 1 Linear development of WRV of pulp blends in
dependency of the fines content of these blends
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an example for a mechanical pulp (P2) as well as for a
chemical pulp (P5), WRV values measured for blends
with different fines content and for the pure fiber
fraction are presented in Fig. 3, illustrating the devi-
ation ofWRVFiber from the linear relationship between
fines content and WRV. This behavior might be
explained by structural changes of the pulp pad due
to capillary forces introduced by fines and external
fibrils of fibers. Capillary forces lead to a higher
densification of the pad similar to the effect fines have
on sheet consolidation (Sirvio¨ and Nurminen 2004).
This structural impact may also be present when the
novel approach is used based on blends with different
fines contents, but at least it follows a linear trend.
In the validation trials presented above, fibers were
always mixed with the originally corresponding fines
fraction. To validate the stability and structural impact
of different fiber and fines morphology on WRV
applying the novel approach, the fiber and fines
fractions of two morphologically and chemically
different pulps, pressurized groundwood (PGW,
Table 2—P1) and unbleached softwood kraft (UBSK,
Table 2—P3), were recombined. UBSK fibers and
PGW fibers were combined with three levels of their
own fines again (Trial A and Trial B), as there was a
certain time period, between the above discussed
validation (Table 2) and this experiment, possibly
leading to changes in pulp quality. USBK fibers were
additionally combined with three levels of PGW fines
(Trial C) and vice versa (PGW fibers with UBSK fines
(Trial D)). WRVFiber and WRVFines were determined
for all four trials using Eqs. 3, 4 and are listed in
Table 3. WRVFiber obtained by mixing the fibers with
the corresponding fines and by mixing it with fines
from the other pulp led to similar results. ForWRVFines
the differences were slightly larger, presumably
because of greater differences in fines morphology
influencing the water removal during centrifugation.
Still, the variations in the WRV results are within the
measurement uncertainty given in the standard. Thus,
the novel approach is also applicable in determining
WRVFiber or WRVFines without the necessity for the
fiber and the fines fraction to come from the same
original pulp. This approach could also be useful in the
Table 2 Gravimetric fines content (SCAN-CM 66:05) of pulp samples (see Table 1) and WRV (ISO 23714:2014) measured directly
from these pulps
Nr. Fines content (%) WRV (g/g) standard WRV (g/g) novel approach (calculated values Eqs. 3–5)
Fiber Pulp (measured) Fiber Fines Pulp
P1 33.1 0.825 1.202 0.755 2.045 1.182
P2 33.5 0.824 1.139 0.741 2.041 1.176
P3 2.7 1.275 1.276 1.203 3.233 1.257
P4 3.4 1.124 1.160 1.119 2.489 1.166
P5 4.3 1.090 1.083 1.035 2.585 1.101
P6 4.9 0.805 0.812 0.734 2.754 0.832
P7 7.7 1.061 1.226 1.046 3.366 1.224
P8 9.8 0.812 0.877 0.738 2.138 0.874
P9 10.8 0.924 1.099 0.896 2.666 1.086
P10 4.8 1.219 1.184 1.172 2.242 1.223
P11 4.4 1.103 1.086 1.048 2.348 1.105
P12 11.5 1.178 1.324 1.154 2.914 1.357
y = 1,0115x
R² = 0,9845
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Fig. 2 WRV of pulps given in Table 2; Correlation between
values measured directly using the standard procedure (x-axis)
and calculated values (Eq. 5) based on the novel approach (y-
axis)
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determination of the WRV of other cellulosic fine
materials, such as micro- or nanofibrillated celluloses.
Application example
To underline the value of this novelmethod,we present an
exemplary application regarding the development of
WRV with refining. The unrefined bleached softwood
kraft pulp (BSK) (Table 2—P5) was refined using an
industrial, single disk refiner and the corresponding refined
BSK pulp (Table 2—P6) was obtained. Table 4 lists the
mass fractions for fibers, primary and secondary fines of
the unrefined and refined BSK pulp. Unrefined pulp
consists onlyoffibers andprimaryfines.Thepercentage of
primary fines is assumed to remain constant after refining,
and all additionally created fines during refining are
classified as secondary fines and assumed to originate only
fromthefibers.Thus theamountoffibersdecreasesand the
total amount of fines increases after refining, while the
amount of primary fines remains constant.
In Fig. 4a the WRV of the unrefined and refined
BSK fibers (WRVFiber) and fines (WRVFines) is shown.
With refining, WRVFiber increases due to internal and
external fibrillation of the fibers. WRVFines increases
because of the production of secondary fines, which
usually swell more than primary fines (Ba¨ckstro¨m et al.
2008). In Fig. 3b the mass fractions of fibers and fines
contained in the pulp are also taken into account (see
Eq. 5) and show WRVPulp , including the contribution
of fibers and fines to WRVPulp. As fibers are the
dominant mass fraction in unrefined and refined BSK
pulp, WRVFiber is the major contributor to WRVPulp.
Yet despite their low mass fraction, fines have quite a
significant influence on WRVPulp because of their
much higher WRV. With refining, the contribution of
y = 0.013x + 0.7411
R² = 0.9972
0.65
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y = 0.0155x + 1.0352
R² = 0.9956
1.00
1.05
1.10
1.15
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1.25
1.30
0 5 10 15 20
W
R
V
 [g
/g
]
Fines [%]
Chemical Pulp - P5Fig. 3 WRV values for
mechanical pulp (P2) and
chemical pulp (P5),
measured for blends with
different fines content and
for the pure fiber fraction
(x) and WRVFiber calculated
by the novel approach (o)
Table 3 Determination of WRV fibers and fines from UBSK
and PGW pulps. Determination for fiber and corresponding
fines fraction (A, B) and for combinations of different pulp
fibers and fines (C, D)
Trial WRV (g/g)
UBSK PGW
Fiber Fines Fiber Fines
A 1.26 3.16
B 0.76 1.75
C 1.24 1.55
D 3.46 0.80
Table 4 Mass fractions of components present in unrefined
and refined BSK pulp
Mass fractions (%)
BSK (unrefined) BSK (refined)
Fiber 95.1 92.3
Primary fines 4.9 4.9
Secondary fines 0.0 2.8
0.73
1.05
2.75
3.37
BSK
(unrefined)
BSK
(refined)
0.83
1.22
BSK
(unrefined)
BSK
(refined)
a b
Fig. 4 a WRVFiber (dark bars) and WRVFines (light bars) of
unrefined and refined BSK pulp; b WRVPulp of unrefined and
refined BSK pulp and the contribution of fibers (dark bars) and
fines (light bars) calculated according to Eq. 5
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the fines fraction increases, not only due to an increase
of WRVFines (Fig. 4a), but also by the higher mass
fraction of fines after refining (Table 4). In the refined
BSK pulp the fibers contribute 79% and the fines of
21% to WRVPulp. While the overall increase of
WRVPulp due to refining can of course be determined
using the standard WRV method, the novel method
provides additional information by distinguishing the
effect refining has on fibers and fines (see Fig. 5). For
the example of the BSK pulp, refining increased the
WRV of fibers as a result of internal and external
fibrillation by 24%and theWRVof the fines by 10%by
the production of secondary fines.
Conclusion
Nearly all processes in pulping and stock preparation,
such as bleaching, drying or refining, influence the
amount of water retained in a pulp measured by the
WRV. The simple method presented allows separate
determination of the WRV of pulp fibers and fines. The
contribution of fibers and fines to the water holding
behavior of a given pulp can thus be calculated using the
standardizedWRVmeasurement procedure. This is seen
as an advantage over alternative methods to determine
theWRVof cellulosic fines,which requiremodifications
to the standard procedure and therefore are not directly
comparable. WRVPulp derived from the novel approach
is comparable to values measured by the standardized
procedure, which underlines the validity of the method.
As it is not necessary to blend fibers and fines from
the same origin to obtain values for the contribution of
fibers and fines to the WRV, this method might also be
useful in the determination of the WRV contribution of
other cellulosic fine materials, such as MFC or NFC.
The example of the development of WRV with
refining underlines the value of the novel approach.
While the overall increase of theWRV of a pulp can be
measured using the standardized procedure, the novel
approach, in addition, allows us to differentiate
between WRVFiber and WRVFines, and thus the
contribution of each fraction to the water holding
behavior. This valuable information allows a more
targeted process and product optimization.
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Appendix
Comparison of BDDJ and pressure screen
See Fig. 6.
WRVFiber
(before refining) 55%WRVFines
(before refining;
primary fines) 11%
ΔWRVFines refining 
(secondary fines) 10%
ΔWRVFiber refining 
(increase after refining; internal, 
external fibrilation) 24%
Fig. 5 Contribution of fibers (dark areas, 79%) and fines (light
areas, 21%) to the WRV of refined BSK pulp and increase of
WRV of fibers (dotted dark area, 24%) and WRV of fines
(dotted light area, 10%) due to refining
Fig. 6 Size distributions (Fibertester?) of the fines fraction of
bleached unrefined softwood sulfite pulp 1 (SU – 0) fractionated
with the Britt Jar method (hole diameter 76 lm) and with a
lab—scale pressure screen (hole diameter 100 lm)
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